[1] The ion foreshock is a source of energy for magnetospheric ULF waves, but it is usually only considered effective at driving ULF waves with frequencies above the Pc5 (2-7 mHz) range. We present observations for an 8 h high speed solar wind interval on 14 July 2008 during which three distinct types of transient ion foreshock phenomena (TIFP) were observed just upstream of the dayside bow shock. We demonstrate that TIFP generate global magnetospheric Pc5 ULF waves with amplitudes as large as 10 mV/m in the electric field and 10 nT in the magnetic field. We characterize the magnetospheric ULF response to several different TIFP that occur during this interval, including the first report of the ULF response to a foreshock bubble. Using a novel spacecraft configuration, we find that the local time with the highest Pc5 wave amplitude is closely related to the location of the ion foreshock. Statistical studies of Pc5 ULF wave activity, other case studies of ULF waves driven by processes in the ion foreshock, and recent theoretical and simulation work on TIFP place these results in context: TIFP are an important energy source for Pc5 ULF waves in the magnetosphere. 
Introduction
[2] The ion foreshock is a region in the solar wind magnetically connected to the Earth's bow shock. It contains ions with a range of energies that are distinct from the bulk solar wind flow. While streaming against the solar wind flow, these ions generate a number of instabilities that can lead to perturbations in the ion foreshock; these perturbations can ultimately affect the Earth's magnetosphere [Eastwood et al., 2005] .
[3] The ion foreshock is an important energy source for Ultra Low Frequency waves in the Earth's magnetosphere, although it is usually associated with wave frequencies above the Pc5 range (2-7 mHz) [e.g., Troitskaya et al., 1971; Russell and Hoppe, 1983; Chi et al., 1994; Eastwood et al., 2011] . Studies of ion foreshock ULF waves established that both the frequency of the waves in the ion foreshock and the frequency of the waves in the magnetosphere are strongly correlated with the magnitude of the interplanetary magnetic field (IMF); this suggests that they are generated in the ion foreshock via a cyclotron instability [Troitskaya et al., 1971] . They also occur primarily in the Pc3-4 frequency range (7 to 100 mHz, [Jacobs et al., 1964] ) and in the dayside magnetosphere. They are observed in the magnetosphere during intervals when the IMF cone angle is low. The cone angle is defined as
where |B| is the total IMF and B x is the GSM/GSE x component of the IMF. When the cone angle is low, the ion foreshock is located near the subsolar dayside magnetosphere; it is then more effective at driving magnetospheric ULF waves [Chi et al., 1994] .
[4] The ion foreshock is not typically considered an important energy source for ULF waves in the Pc5 frequency range. The main reason is the high degree of correlation often found between magnetospheric Pc5 wave power and geomagnetic activity indices or pristine solar wind conditions, with a comparatively low degree of correlation with IMF cone angle. For example, Takahashi and Ukhorskiy [2007] found that pristine solar wind (i.e., not ion foreshock) dynamic pressure variations were strongly correlated with Pc5 wave power measured at geosynchronous orbit near the noon local time sector, and Liu et al. [2010] found strong correlations with solar wind flow speed in the flank magnetosphere. Sanny et al. [2007] found that the IMF cone angle did not correlate significantly with compressional Pc5 wave power at geosynchronous orbit when compared with pristine solar wind pressure and flow speed correlations. The statistical results from these studies casts doubt on the importance (relative to other energy sources) of the ion foreshock as a driver of Pc5 ULF wave activity.
[5] There is some evidence suggesting that the ion foreshock could play a role in driving Pc5 waves. Miura [1992] proposed that the ion foreshock may seed surface waves at locations where the magnetopause is Kelvin-Helmholtz unstable. This could explain a pronounced dawn-dusk asymmetry, which is often observed in statistical studies of Pc5 ULF wave activity, particularly in studies using ground observations [e.g., Yumoto et al., 1983; Chisham and Orr, 1997] . Based on the classic picture of the Parker spiral in the solar wind, the ion foreshock is nominally located in the dawn/prenoon sector, where a statistical peak in Pc5 ULF wave power is often observed. If the dawn flank is unstable to the growth of magnetopause surface waves via the Kelvin-Helmholtz instability (KHI), pulsations originating in the ion foreshock could provide a seed for surface wave growth; these surface waves would ultimately drive Pc5 wave activity in the magnetosphere.
[6] Nosé et al. [1995] conducted a test to determine whether the ion foreshock plays an important role in seeding the KHI. Using Dynamics Explorer 1, a polar orbiting spacecraft, they identified periods of enhanced transverse Pc5 wave activity while recording the conditions in the solar wind. Using a model for the bow shock, they then determined whether the quasi-parallel bow shock (ion foreshock) was located in the same magnetic local time sector as the observation, finding that this was the case for a variety of solar wind conditions (see Figure 5 in that paper). Their results show that the ion foreshock plays a role in determining the dawn-dusk asymmetry often observed in statistical studies of Pc5 wave power. They proposed that the ion foreshock provided seed fluctuations for the growth of magnetopause surface waves, consistent with Miura [1992] . Sanny et al. [2002] also found that statistically significant peaks in Pc5 wave power were colocated with the expected location of the quasi-parallel bow shock for both spiral ( B [2007] found a prenoon peak in compressional Pc5 wave power during intervals of low geomagnetic activity that was likely associated with the ion foreshock.
[7] Transient phenomena occurring within the ion foreshock are a potential source of energy for magnetospheric ULF waves [e.g., Russell and Hoppe, 1983; Eastwood et al., 2011] . We here define the transient ion foreshock phenomena (TIFP) as an umbrella term that encompasses a variety of phenomena, some of which may have overlapping definitions [Eastwood et al., 2005] . They can be differentiated from ion foreshock ULF waves because of their transient nature; unlike ULF waves in the ion foreshock, which have been observed to be steady with enhancements at nearly the same frequency for many wave cycles, TIFP are not monochromatic waves.
[8] Recently, hybrid kinetic models and multispacecraft observations have led to more detailed descriptions of some TIFP, including foreshock cavities [e.g., Sibeck et al., 2002] , hot flow anomalies (HFAs) [e.g., Thomas and Brecht, 1988; Paschmann et al., 1988; Eastwood et al., 2011] , bow shock ripples [e.g., Hietala et al., 2009] , and foreshock bubbles (FB) [Omidi et al., 2010] . These phenomena may have very different properties, but we shall group them together for the purpose of differentiating them from other potential energy sources of ULF waves in the magnetosphere; namely, ULF waves in the ion foreshock, dynamic pressure fluctuations in the pristine solar wind, flow shear instabilities on the magnetopause, dayside reconnection, and wave particle interactions. All TIFP share one characteristic important for the present study: they can lead to variations in the upstream dynamic, thermal, and/or magnetic pressure, which can excite ULF waves in the magnetosphere in much the same manner as dynamic pressure pulses in the pristine solar wind. Thus, they are not band-limited to the Pc3-4 frequency range [Fairfield et al., 1990; Southwood and Kivelson, 1990; Eastwood et al., 2011] .
[9] A few studies have established that TIFP can generate ULF waves in the Earth's magnetosphere. Fairfield et al. [1990] presented evidence that pressure pulses originating in the ion foreshock could excite ULF perturbations in the magnetosphere at frequencies in the Pc5 range. Sanny et al. [1996] showed that transient bipolar magnetic field signatures observed in the Earth's magnetosphere are likely related to pressure pulses in the pristine solar wind or ion foreshock rather than dayside reconnection events. Sanny et al. [2001] further showed that these bipolar signatures were observed in locations consistent with excitation by ion foreshock processes; these signatures were also preceded by IMF discontinuities, consistent with the formation mechanisms of many TIFP [e.g., Omidi and Sibeck, 2007; Omidi et al., 2010] . Eastwood et al. [2011] showed that an HFA originating in the ion foreshock excited standing Alfvén waves with Pc3 frequency in the Earth's magnetosphere. Hietala et al. [2012] showed that supermagnetosonic jets originating from the quasi-parallel bow shock had several magnetospheric impacts, including the excitation of ULF waves at geosynchronous orbit. Ground magnetometer observations near the cusp and polar cap provide additional suggestive evidence that TIFP may generate ULF waves in the magnetosphere. Kataoka et al. [2003] and Murr and Hughes [2003] found that magnetic impulse events and traveling convection vortices tend to occur in conjunction with TIFP; both phenomena can have Pc5 periods and both can be associated with magnetospheric ULF wave activity [Shields et al., 2003] .
[10] In two studies, we shall examine the response of the magnetosphere to TIFP during an interval of high speed solar wind that occurred on 14 July 2008. In this study, we focus entirely on the ULF response of the magnetosphere to TIFP, whereas Turner et al. (manuscript in preparation, 2012c) will be focused on global responses of the magnetosheath/magnetosphere/ionosphere system to TIFP. We demonstrate here that TIFP generate Pc5 wave activity with large amplitudes (10 nT, 10 mV/m) comparable to storm time ULF waves [Walker et al., 1982] . A unique spacecraft configuration enables us to show for the first time that a variety of different TIFP can drive Pc5 ULF waves with different properties. This configuration also reveals that the location with peak wave amplitude at geosynchronous orbit can vary rapidly as the ion foreshock morphology changes; this is the first direct observation of this relationship (made possible through continual monitoring of geosynchronous orbit in the dawn, noon, and dusk local time sectors over an eight hour period), bolstering previous statistical evidence. In situ monitoring of the ion foreshock reveals that the TIFP generate significant dynamic pressure fluctuations. We propose that these fluctuations alone can explain the large amplitude magnetospheric ULF waves. In contrast to the mechanism proposed by Miura [1992] and Nosé et al. [1995] , our observations suggest that a KH-unstable magnetopause is not required for the ion foreshock to generate significant Pc5 wave activity. Finally, simultaneous observations of the IMF cone angle and Pc5 response of the magnetosphere show that correlations (or lack thereof) between the cone angle and magnetospheric Pc5 wave activity are sensitive to the time chosen to compute the cone angle. We propose that this sensitivity may provide an explanation for the low degree of correlation often found between IMF cone angle and magnetospheric Pc5 wave activity [e.g., Chi et al., 1994; Sanny et al., 2007] , arguing in favor of the ion foreshock playing a more important role in driving Pc5 wave activity than previously thought.
Instrumentation
[11] We use data from the five-satellite Time History of Events and Macroscale Interactions During Substorms (THEMIS) mission [Angelopoulos and Sibeck, 2008; Sibeck and Angelopoulos, 2008] . Each spinning satellite (3 s spin period) is equipped with a fluxgate magnetometer (FGM) [Auster et al., 2008] , an electric field instrument [Bonnell et al., 2008] , an ion and electron electrostatic analyzer (ESA) [McFadden et al., 2008] , and ion and electron solid state telescopes (SST) [e.g., Turner et al., 2012a] . ESA measures the three-dimensional particle distributions and moments (electrons: 5 eV to 30 keV, ions 5 eV to 25 keV) once per spin. SST also measures the three-dimensional particle distributions and moments once per spin and is sensitive to energies above 25 keV. Electric field instrument measures ULF perturbations best for the two components in the spacecraft spin plane; we use these two components, the magnetic field measured by FGM, and the E * B = 0 approximation to obtain the third component of the electric field.
[12] We also use data from the Geostationary Operational Environmental Satellites (GOES) and Cluster spacecraft. Specifically, we use data from GOES-10, GOES-11, GOES-12, and Cluster-2. GOES and Cluster are equipped with fluxgate magnetometers [Singer et al., 1996; Balogh et al., 2001] . Finally, we obtained hourly geomagnetic activity indices and both hourly and minute resolution solar wind data from the Space Physics Data Facility (a project of (1) the solar wind dynamic pressure from OMNIweb, (2) the IMF from THB, (3) IMF cone angle from THB, (4) the GSM x component of the velocity measured at THB, (5) the same for THC, (6) the ion energy flux spectrogram from THC, and (7) the total magnetic field perturbation measured at G10, G11, THA, and C2. Numbered tan boxes indicate shorter intervals of interest in Figure 2 . The inset is for the spacecraft positions in the GSM xy plane.
NASA's Goddard Space Flight Center) OMNIWeb interface at http://omniweb.gsfc.nasa.gov.
Observations and Analysis

Event Overview
[13] We studied the ULF response of the magnetosphere to TIFP during the interval from 1600 to 2400 UT on 14 July 2008. This interval is a subset of a larger interval, 14 July 2008 1200 UT to 15 July 2008 1200 UT, described in a second study examining more fully the response of the magnetosphere and ionosphere to TIFP (i.e., Turner et al., manuscript in preparation, 2012c) . We chose this particular subset because probe positions in the dayside magnetosphere were ideal for observing ULF wave variation as a function of magnetic local time. The event occurred during the passage of a high speed stream, as the solar wind flow speed was approximately 650 km/s, significantly higher than nominal conditions of about 400 km/s [Hapgood et al., 1991] . Geomagnetic activity was low (Kp ≤ 3, Dst $ 15).
[14] Figure 1 shows spacecraft observations in the pristine solar wind, ion foreshock, and magnetosphere during the interval of interest. The top panel is for the pristine solar wind dynamic pressure obtained from the OMNIweb; these data have been propagated to the Earth's bow shock. The dynamic pressure is about 1.2-1.6 nPa with fluctuations of the order 0.1-0.2 nPa throughout the eight hour interval; notably, the fluctuation level remains steady and there are no large spikes (i.e., spikes are small when compared with the TIFP pressure pulses described below).
[15] Panels two through four are for THEMIS-B (THB), which is mostly located in the pristine solar wind but also in the ion foreshock, about 25 Re upstream of the Earth. We apply an 81 s time shift to all data from THB (here and in other figures) to account for propagation delays to the bow shock. Panels two and three show the IMF and cone angle after application of a 2 min boxcar window to smooth the data (to remove higher frequency fluctuations observed when THB is in the ion foreshock). To more clearly identify periods of radial IMF when the ion foreshock ought to be located near the noon local time sector, we transform all cone angles greater than 90 according to θ ! |180 À θ|. There are significant fluctuations in the IMF and although the cone angle is low (<45 , corresponding to radial IMF) for about half of the interval, there are several excursions above 45
. Panel four shows the GSM x component of the solar wind flow velocity computed using the electrostatic analyzer and solid state telescope ion instruments. The solar wind flow velocity, mostly in the x direction, is about 650 km/s and decreasing during the interval. However, there is a large spike in the x component at $2150 UT. During this period, THB magnetic field observations (see Figure 2 for foreshock location based on magnetic field) and observations of a population of energetic ions distinct from the bulk solar wind flow indicate that THB was in the ion foreshock ([e.g., Fairfield et al., 1990; Eastwood et al., 2005] -particle data are not shown); the large spike in velocity suggests the presence of a TIFP.
[16] Panels five and six are for THEMIS-C (THC); THC is located in either the pristine solar wind or ion foreshock during the interval, but mostly in the ion foreshock, and it is about 17 Re upstream of the Earth. We apply a 7 s time shift to all data from THC (here and in other figures) to account for propagation delays to the bow shock. Panel five is for the GSM x component of the solar wind velocity computed using the ESA and SST ion detectors. The overall trend is consistent with THB, but there are several spikes. Some of the spikes are large enough that the x component approaches zero or becomes positive; these changes in the velocity x component are caused by TIFP such as HFAs and FBs, as shown in previous simulations and observations [e.g., Omidi et al., 2010] . In this case study, spikes in the velocity x component always corresponded to reductions in the flow speed and usually corresponded to flow deflections. Panel six is for an ion energy flux spectrogram that combines data from ESA and SST. The red band of enhanced flux at several keV indicates the bulk flow of the solar wind. Enhancements at energies above this band, such as at 2140-2230 UT, indicate the presence of ion foreshock plasma [e.g., Fairfield et al., 1990] . During periods when THC observed the ion foreshock plasma it was located in the ion foreshock and could detect TIFP; during other periods, TIFP may still occur but they are not detectable by THC because it is not in the ion foreshock.
[17] Panel seven is for observations from GOES-11 (G11, black), GOES-10 (G10, blue), Cluster-2 (C2, green), and THEMIS-A (THA, pink), which are all located in the magnetosphere; they are either in geosynchronous orbit (i.e., GOES) or pass through the radial distance corresponding to geosynchronous orbit during portions of the interval (i.e., THA, C2). The total magnetic field perturbation, obtained by applying a high pass filter (frequency > 0.5 mHz; a low pass filter is convolved with the signal in the time domain, and the low pass filtered data are subtracted from the original signal to obtain the high pass filtered data) to the magnetic field magnitude, is shown for each probe. All four probes detect compressional ULF waves during this interval with amplitudes of several nT. The waves that are easily discernible in this panel have periods that are roughly 5 to 10 min ($2 mHz), although higher frequency waves are also present (shown more clearly in Figure 5 ). The wave activity is not . These plots show observations in the pristine solar wind, ion foreshock, near the magnetopause, and in the magnetosphere for two TIFP events (foreshock compressional boundary motion and hot flow anomalies). On the left, from top to bottom: (1) total magnetic field; (2) flow speed; (3) density; (4) dynamic pressure observed at THB (black) and THC (red); (5) ion energy flux spectrogram observed at THD; (6) perturbation electric fields observed at THE (field-aligned coordinates, z (red) is along the field, y (green) points eastward, and x (blue) completes the right-hand orthogonal set and is pointed radially outward); (7) perturbation magnetic fields observed at THE; and (8) total magnetic field perturbation observed at G10 (blue), G11 (black), G12 (red), and THA (pink). Numbered tan boxes indicate shorter intervals to plot the same data found in the top three panels and bottom panel in insets on the right. steady; enhancements are closely related to TIFP-induced changes in the x component of the solar wind velocity observed at THC.
The Relationship Between Ion Foreshock Morphology and ULF Wave Activity
[18] The seventh panel Figure 1 demonstrates that enhancements in ULF wave activity do not occur uniformly in all local time sectors. We further examine this trend in Figure 2 . Panels 1 through 6 show the probe positions in the GSM xy plane during six intervals of ULF wave activity, marked in yellow in Figure 1 . The curved, solid black line indicates the Fairfield [1971] bow shock location and the dot-dashed black line indicates the Shue et al. [1997] magnetopause location. The gray shaded area in each inset is the approximate location of the ion foreshock; this location changes throughout the interval as the IMF changes. These insets only show the ion foreshock projection in the GSM xy plane (the ion foreshock is inherently a three-dimensional structure).
[19] In all the panels of Figure 2 , the slanted crosses indicate the location of the peak ULF response at geosynchronous; they are for the largest amplitude perturbation observed at any of the probes during the inset interval. The peak ULF response at geosynchronous is obtained by visually inspecting the total magnetic field perturbation for all probes near geosynchronous orbit (see Figure 1 seventh panel, and Figures 3 and 4). It is meant to indicate differences in wave power due to position in local time rather than radial distance; thus, the responses at THEMIS-D and THEMIS-E (the probes located at larger radial distances) are not considered. Figure 4. This plot shows observations in the pristine solar wind, ion foreshock, near the magnetopause, and in the magnetosphere for one TIFP event (foreshock bubble). From top to bottom: (1) total magnetic field; (2) flow speed; (3) density; (4) dynamic pressure observed at THB (black) and THC (red); (5) ion energy flux spectrogram observed at THD; (6) perturbation electric fields observed at THE (field-aligned coordinates); (7) perturbation magnetic fields observed at THE; and (8) total magnetic field perturbation observed at G10 (blue), G11 (black), G12 (red), and C2 (green). Black lines indicate times for comparing the ULF response at different probes (see text)
[20] In the first two intervals/panels of Figure 2 , THA is close to geosynchronous orbit and is used as a ULF wave monitor in the dusk sector while G10, G11, and G12 are used as monitors at noon and dawn (C2 is near perigee). The first panel shows similar, peak responses near noon and dawn, as indicated by the black crosses at G12 and G11 in the figure, with a weaker response at dusk. The second panel indicates that both the location of the ion foreshock and the peak ULF response at geosynchronous have shifted toward the noon local time sector; G10 and G12 see the largest ULF response to the TIFP.
[21] In the last four intervals/panels of Figure 2 , C2 is used as a ULF wave monitor at dawn, G11 at noon, and G10/G12 at dusk (THA is near perigee). During the third interval (panel 3), the ion foreshock is not located upstream from the dayside magnetosphere and conditions are unfavorable for TIFP to affect the magnetosphere. During this period, ULF wave amplitudes are low at all local times, and no peak ULF response at geosynchronous is recorded. During the fourth interval (panel 4), the ion foreshock is located in the noon and dawn sectors and the peak ULF response at geosynchronous is observed prenoon at G11. During the fifth interval (panel 5), the ion foreshock is located throughout the noon local time sector and covers more of the dusk local time sector than in the previous interval. The peak ULF response at geosynchronous is again seen at G11 at noon with a slightly weaker response at G10/G12 at dusk and weakest response at dawn at C2; the amplitude at C2 may also be lower due to its larger distance from the magnetopause than the other two probes. Finally, during the sixth interval (panel 6), the ion foreshock is located in the dawn sector and C2 sees the peak ULF response at geosynchronous despite being further from the magnetopause than G11 and G10. G11 sees the next largest response and G10/G12 sees the weakest response, consistent with their relative distances from the dawn local time sector/ion foreshock location.
Isolated TIFP Examples: Foreshock Compressional Boundary Motion and Hot Flow Anomalies
[22] In the next two figures, we examine the ULF response of the magnetosphere to isolated TIFP in greater detail. Figure 3 shows a shorter interval from 1630 to 1800 UT with two examples of the ULF response of the magnetosphere to isolated TIFP. The top four panels (left) are for the magnetic field magnitude, plasma flow speed, plasma number density, and dynamic pressure observed at THB (black) and THC (red) in the pristine solar wind and ion foreshock. There are several variations in all four parameters throughout the interval, which are more pronounced at THC and indicate the presence of TIFP (e.g., large reductions in the flow speed).
[23] The bottom four panels (left) are for data in the magnetosphere. The fifth panel shows an ion energy flux spectrogram for THEMIS-D (THD), which is located close to the magnetopause during this interval (see Figure 2 , panels one and two). Enhancements in the energy flux of lower energy ions indicate crossings into the magnetosheath. The sixth and seventh panels in Figure 3 are for the electric and magnetic field perturbations observed at THEMIS-E (THE), which is located near noon, closer to the Earth than THD but outside geosynchronous orbit. The perturbation fields were computed by high-pass-filtering (frequency > 1 mHz) the data; these data were then rotated into a field-aligned coordinate system in which z is along the background magnetic field, y points eastward, and x completes the right-hand orthogonal set (pointing radially outward at the equator). The eighth panel shows the magnetic field z perturbations observed at geosynchronous orbit by G10 (blue), G11 (black), G12 (red), and THA (pink). Enhancements in wave activity seen in the bottom three panels are closely related to TIFP observed by THC.
[24] Two events of interest are marked by tan boxes at 1649 UT and 1724 UT. On the right of Figure 3 , in inset 1, the same data as in the first to third panels and the eighth panel on the left of Figure 3 are shown for a shorter time interval. The total magnetic field at THC first decreases, then rapidly increases, and finally decreases to its original value. An increase in density is observed at the same time as the increase in the total magnetic field. Neither of these variations are observed further upstream at THB. These observations are consistent with the motion of the foreshock compressional boundary [Omidi et al., 2009] . Based on plasma observations (Figure 3 , left, sixth panel)-in particular, the presence of higher energy ions prior to 1649 UT and absence after-and the position of the ion foreshock in the prenoon and dawn sector (Figure 2, panel 1) , the foreshock compressional boundary was moving from dusk to dawn and THC exited the ion foreshock after passing through it. This motion would be expected to generate magnetic perturbations in the magnetosphere , and this is indeed the case as shown in the bottom panel of inset 1 (Figure 3 , top right) and the bottom three panels of the main figure (left). Perturbations should be excited within a few minutes of the TIFP observation at THC, based on the expected transit times through the magnetosheath [Samsonov, 2011] . In this case, a transient perturbation is generated at THE's location, as seen, for example, in the magnetic field z perturbation with a peak amplitude of about 6 nT. This perturbation is also seen at G10, G11, and G12 with a peak amplitude of about 2.5 nT.
[25] The time of the observation of peak amplitude is delayed from THC to G10 by 3 min, from G10 to G12 by about 30 s, and from G12 to G11 by about 2 min, as seen in the bottom panel of inset 1 (solid black triangles indicate the time when peak perturbation amplitude is observed to more clearly see time lags). G10 and G12 are separated by roughly [0.1,1.7] Re in GSM. Based on the 30 s time lag, this separation implies that a fast mode propagating purely in the GSM x direction would be traveling at 21 km/s or purely in the y direction at 361 km/s. Both of these estimates are unrealistically slow for typical fast mode propagation times, and thus the time lags cannot be due purely to fast mode propagation. However, these time lags could be consistent with the motion of the foreshock compressional boundary across the bow shock, in a dusk to dawn sense (based on the sequence of the peak amplitude observation) [Sanny et al., 2001] ; the boundary may also move in a north-south sense, but that would not be effectively sensed at the GOES probes, which are at similar geomagnetic latitudes.
[26] The second event at 1724 UT is shown in inset two in the same manner as inset one. The top three panels indicate that the event is highly structured, because there are several rapid variations in the magnetic field and the density. These variations are most consistent with a pair of HFAs that formed around two IMF discontinuities observed by THC at $17:24 and $17:26 UT, respectively. They are associated with a large reduction in both the upstream flow speed and density (and thus the dynamic pressure) beginning at 1724 UT, which ought to excite ULF waves in the magnetosphere. This expectation is the same for an equivalent variation in the pristine solar wind [Southwood and Kivelson, 1990; Eastwood et al., 2011] . The bottom panel of inset two and the bottom four panels of the main figure (left) show that this transient event excites both ULF waves and magnetopause undulations. THD repeatedly crosses into the magnetosheath (fifth panel, left), unlike the event at 1649 UT. This is partly due to THD's outward motion, which has taken it closer to the magnetopause by 1724 UT; it is also due to the change in location of the ion foreshock region (compare panels one and two in Figure 2 ) and the different properties of this TIFP. THD's excursions into the magnetosheath appear to be quasi-periodic, suggestive of the excitation of a magnetopause surface mode. THE observes ULF wave perturbations in the electric and magnetic field with peak amplitudes of about 10 mV/m and 10 nT. G10, G11, and G12 see nearly simultaneous reductions and then increases in the total magnetic field, with amplitudes of 4 nT. This evidence suggests that, unlike the previous TIFP, this TIFP had a larger scale size and excited ULF waves globally.
Isolated TIFP Example: Foreshock Bubble
[27] Figure 4 shows another example of the ULF response to an isolated TIFP, in the same manner as Figure 3 (left) . Two large reductions in the density, flow speed, and dynamic pressure are observed by THC at 2002 and 2005 UT, followed by rapid increases in the total magnetic field, density, and dynamic pressure. The observed sequence of increased density (2003 UT), reduced density (2004 UT), then increased density and strongly increased total magnetic field (2005 UT) is expected for the formation of a foreshock bubble and convection of the bubble downstream, where it ultimately impinges on the bow shock/magnetosphere [Omidi et al., 2010] . We could not determine the mechanism responsible for the first reduction in density at (2002 UT); it may represent the complexity of the FB structure or another FB entirely.
[28] The increased magnetic field, density, and dynamic pressure observed at THC at 2005 UT indicate the shock associated with the FB. Based on the shock normal direction ([0.98,0.21,0 .01], GSM coordinates) and the location of the ion foreshock, the shock associated with the FB ought to impinge on the prenoon magnetosphere first and have the most significant impacts in that local time sector. This impact ought to affect the magnetosphere within a few minutes, although the expected time lag between the observation of the shock at THC and the impact in the magnetosphere is not as clear as the TIFP shown in Figure 3 . One reason is THC's location near the edge of the ion foreshock (Figure 2 , panel 4). Another reason is that typical models for the time lags for perturbations to traverse the magnetosheath after impinging on the bow shock are not necessarily applicable to FBs, which effectively reform the bow shock in the region upstream from the bubble [Omidi et al., 2010] . It is not clear how this process would affect the time delay between the observation of the shock at THC and the first observation of effects in the magnetosphere. Finally, the fact that the FB may be structured (e.g., there may be two FBs), based on the observation of two distinct density depletions at THC at 2002 and 2005 UT, may complicate the time lag analysis.
[29] With these caveats in mind, we now examine the response to the FB at the magnetopause and in the magnetosphere. As shown in Figure 4 (panel 5), THD crosses back and forth from the magnetosheath to the magnetosphere several times beginning at 2012 UT, indicating the presence of magnetopause undulations. This is consistent with the shock impinging first and most strongly on the magnetopause prenoon and then later closer to noon as the FB shock is convected with the solar wind flow. Magnetopause perturbations associated with the shock impingement would then arrive at THD's location in the postnoon sector at 2012 UT.
[30] We next examine the ULF response of the magnetosphere to the FB. Key times are indicated by black lines in Figure 4 to compare the ULF response at different probes. THE, located in the magnetosphere and very close to THD's position, observes a decrease in the z component of the magnetic field at 2007 UT (indicated by first black line), followed by an increase in the same component at 2009 UT (second black line), then a decrease at 2012 UT (third black line), and finally an increase at 2015 UT (a little before the fourth black line) as shown in the seventh panel. We focus on the magnetic field z component for the purpose of comparing with the probes at geosynchronous; however, we note that significant perturbations are observed in the other components with amplitudes of 10 nT in the magnetic field and 6 mV/m in the electric field. Panel eight shows that G11, located prenoon, sees an increase in the magnetic field z component at 2009 UT (second black line), followed by a decrease at 2012 UT (third black line), and an increase at 2016 UT (fourth black line). G10/G12 do not see the magnetic field increase at 2009 UT, but they see the nearly the same signal as G11 after 2012 UT. C2, located near the dawn terminator and farthest from the magnetopause, sees a similar increase/decrease/increase sequence to G11, but delayed by approximately 2 to 3 min; however, this wave activity is not strongly increased above preexisting levels.
[31] The first decrease in the magnetic field observed at THE may have been related to the early stages of the formation of the FB. During this stage, a reduction in the z component of the magnetic field would be expected as the magnetopause moves outward [Omidi et al., 2010] ; this effect may be too weak to observe at the probes that are located farther from the magnetopause. The shock associated with the FB caused the magnetopause to move inward about 3-4 min after being observed at THC at 2005 UT and caused an increase in the z component of the magnetic field at THE and G11 nearly simultaneously at 2009 UT. Beginning at 2012 UT, all probes in the dayside magnetosphere (THE, G10, G11, G12) observed the same increase and decrease in the magnetic field z component at nearly the same time (see seventh panel, z component, and eighth panel-C2 also observed with a slight time lag). This may indicate that the FB excited a global mode [e.g., Southwood and Kivelson, 1990; Hartinger et al., 2012] . Alternatively, there may be additional TIFP subsequent to the FB, which directly drive these pulsations; THC would not observe these TIFP due to its location at the edge of the ion foreshock. The perturbations at GOES and THE terminate at approximately 2020 UT, but at least two wave cycles with Pc5 periods are observed by THE and G11 in conjunction with the FB. To our knowledge, this is the first report of ULF waves induced by a Foreshock Bubble.
Accumulated Response to Succession of TIFPs
[32] As shown in Figures 3 and 4 , a variety of different TIFP can excite ULF wave activity. The properties of these waves vary depending on the properties of each TIFP and the foreshock morphology. However, the ULF waves share several similarities, including their global structure and Pc5 frequencies. These features are not unique to the short intervals shown in Figures 3 and 4 ; they are observed throughout the 8 h interval shown in Figure 1 . However, during other periods, analysis of magnetospheric ULF wave activity is complicated by the fact that multiple TIFP affect the magnetosphere in rapid succession. For example, in a separate study analyzing this interval, Turner et al. (manuscript in preparation, 2012c) found that the repetition time between different TIFP between 2130 UT and 2300 UT is ≤5 min; this is far less than typical damping time scales for ULF waves, making it difficult to analyze isolated ULF wave events.
[33] Although we cannot examine the isolated ULF responses to a rapid succession of TIFP, we can say that the cumulative ULF response to these TIFP is similar to the response to isolated TIFP. As shown in Figures 1 and 2 , the waves occurring during the period considered in this study have Pc5 frequencies and the location of the peak ULF response shifts in magnetic local time depending on the location of the ion foreshock; these characteristics are common to both waves associated with isolated TIFP (e.g., Figure 3 ) and waves associated with a succession of TIFP (e.g., Figure 1 , 2130-2300 UT).
Differentiating Between Magnetospheric Pc3-4 Waves Driven by Upstream Waves and Pc5 Waves Driven by TIFP
[34] The ion foreshock is typically considered a source for magnetospheric ULF waves in the Pc3-4 frequency range (during low cone angle intervals) rather than the Pc5 frequency range. Magnetospheric Pc3-4 waves derive their energy from upstream ULF waves, whereas the Pc5 waves in this study derive their energy from TIFP pressure pulses; we would expect the properties of wave activity resulting from these two processes to be different. In order to examine the relative amplitudes and properties of Pc3-4 and Pc5 waves, we show an overview of ULF wave activity observed by G11 in Figure 5 . The top panel is for the cone angle observed at THB after application of a 10 min smoothing window and the second panel is for the dynamic pressure observed at THC, which includes fluctuations caused by TIFP. The next four panels are for magnetic field fluctuations observed at G11. The perturbation magnetic field was computed by high-pass-filtering (frequency > 1 mHz) the data, and these data were then rotated into field-aligned coordinates. The perturbation magnetic fields are shown in the third panel; Pc5 wave activity, particularly in the z component, is correlated with dynamic pressure pulses observed at THC in the ion foreshock. During most periods, Pc5 waves have significantly larger amplitudes than Pc3-4 waves.
[35] The fourth through sixth panels are for the dynamic power spectra of the x, y, and z magnetic perturbations. To better examine spectral features, we use the same technique as Engebretson et al. [1986] , where the derivative of the time series is computed using a first difference technique and a fast Fourier transform (34 min) is applied. In the fifth panel (east-west magnetic perturbation), enhancements in power at discrete frequencies above 20 mHz (Pc3-4) indicate the presence of multiharmonic standing Alfvén waves (toroidal mode). They overlap in frequency and time with radial and compressional magnetic field perturbations with a more broadband frequency spectrum, as shown in the fourth and sixth panels. The enhancements in all components also overlap in time with periods of decreased cone angle (first panel) but can precede or occur after spikes in dynamic pressure corresponding to TIFP (second panel). Previous studies have established that multiharmonic standing Alfvén waves and compressional magnetic field perturbations in the dayside magnetosphere are connected [e.g., Lessard et al., 1999; Clausen et al., 2009] ; they also showed that both occur during periods of low cone angle [e.g., Chi et al., 1994] . This connection suggests that ULF waves generated upstream in the ion foreshock are an important source of energy for the magnetospheric ULF waves with frequencies above the Pc5 range.
[36] The fourth and sixth panels also show Pc5 wave activity that is distinct from the wave activity with frequencies above 20 mHz (Pc3-4). These waves occur in bursts that are closely timed with dynamic pressure pulses observed at THC: they are associated with TIFP, unlike the higher frequency wave activity. Also, the Pc5 waves have mostly radial and compressional perturbations, whereas the higher frequency wave activity has both compressional and transverse perturbations. Different bursts of Pc5 wave activity have different polarizations in the xz plane. For example, the Pc5 wave activity at 1649 UT induced by the foreshock compressional boundary has significant radial and compressional magnetic field perturbations (as indicated by the increased power spectral densities in the fourth and sixth panels, when compared to the fifth panel, in the 2-7 mHz frequency range). In contrast, the Pc5 waves at 1724 UT (hot flow anomalies) and 2005 UT (foreshock bubble) are associated with mainly compressional perturbations.
[37] Figure 5 shows that the ion foreshock is an energy source for both Pc5 and Pc3-4 waves during this period. TIFP drive Pc5 wave activity, whereas ion foreshock ULF waves drive Pc3-4 wave activity. The properties of the waves generated by each mechanism are very different: TIFP generate transient bursts of wave activity whereas upstream ULF waves generate steadier wave activity, and TIFP generate primarily compressional waves whereas upstream ULF waves generate both compressional and transverse magnetic perturbations.
Discussion
[38] In section 3, we showed spacecraft observations in the pristine solar wind, ion foreshock, at the magnetopause, and throughout the dayside magnetosphere on 14 July 2008 from 1600-2400 UT. During this period, there was little geomagnetic activity, no significant dynamic pressure pulses in the pristine solar wind, and higher than normal solar wind flow speed. The probes in the ion foreshock detected several pressure pulses corresponding to TIFP. These pulses generated ULF waves in the Pc5 frequency range in the magnetosphere with amplitudes comparable to storm time ULF waves (10 nT, 10 mV/m [Walker et al., 1982] ). The properties of these waves depended on the morphology of the ion foreshock; in particular, the local time sector with the largest amplitude wave activity was colocated with the ion foreshock. Wave properties also depended on the characteristics of the TIFP; for example, in some cases enhancements in wave activity were observed at different azimuthal locations with significant time lags, whereas in other cases they were observed simultaneously at all local times.
[39] The observed Pc5 waves are not driven by dayside reconnection: Pc5 waves generated by dayside reconnection are not typically observed at geosynchronous orbit [e.g., Junginger and Baumjohann, 1988; Sanny et al., 2001] , most Pc5 waves in this period do not have the traditional bipolar signature expected to be associated with transient Figure 5 . This plot shows an overview of ULF wave activity observed at geosynchronous orbit. Two classes of waves are observed, Pc3-4 perturbations (frequency > 7 mHz) with harmonic structuring and highest amplitudes in the east-west component and Pc5 (frequency < 7 mHz) perturbations strongest in the compressional and radial components. From top to bottom: (1) IMF cone angle observed at THB, (2) dynamic pressure observed at THC, (3) magnetic field perturbations observed at G11 in field-aligned coordinates, dynamic power spectra for the (4) radial, (5) east-west, and (6) field-aligned magnetic field perturbations.
dayside reconnection [Southwood et al., 1988] , and the Pc5 waves are associated with ion foreshock pressure pulses rather than IMF direction changes (several sharp IMF direction changes occur during the period without exciting Pc5 waves). These waves are also not driven by dynamic pressure fluctuations in the pristine solar wind: Pc5 waves occur after TIFP pressure pulses, which are an order of magnitude larger than pressure fluctuations in the pristine solar wind ($1 nPa compared to~0.1-0.2 nPa). Finally, these waves are not driven internally: they have small azimuthal wave numbers in contrast to waves driven by drift-bounce resonance [Southwood et al., 1969] , they do not occur during geomagnetically active periods in contrast to waves driven by drift-bounce resonance or the mirror instability [Zhu and Kivelson, 1991] , and they have density and compressional magnetic perturbations in phase in contrast to the antiphase relationship expected for waves driven by drift-bounce resonance or the mirror instability (Southwood et al. [1969] , Hasegawa [1969] , Zhu and Kivelson [1991] , based on data from THE, not shown in figures).
[40] There is substantial evidence in this event in favor of the driving of the Pc5 waves by TIFP:
[41] 1. Large pressure pulses resulting from TIFP observed in the ion foreshock directly precede enhancements in Pc5 ULF wave activity in the magnetosphere.
[42] 2. The ion foreshock pressure pulses are an order of magnitude larger than the pressure pulses in the pristine solar wind. These pressure pulses are comparable to those found in other studies (in the pristine solar wind) that resulted in significant ULF wave activity [Eriksson et al., 2006; Sarris et al., 2010] .
[43] 3. The ion foreshock location determines the peak ULF response at geosynchronous.
[44] However, the KHI may also play a role in driving these Pc5 waves, particularly near the flank region where flow shear is larger. It is difficult to separate the effects of the KHI from the effects of TIFP in exciting ULF wave activity; it is possible that TIFP induce magnetopause disturbances, which grow to larger amplitude due to the KHI as they move tailward. However, based on the timing between the observation of the TIFP and the excitation of ULF waves, we conclude that TIFP is the essential component for exciting the Pc5 ULF waves in this study. Furthermore, although the high solar wind flow speed argues in favor of the KHI playing a role, the wide range of different IMF conditions for different periods of Pc5 wave enhancement argue against it; if the KHI were important, one would expect primarily northward or southward IMF to occur throughout the interval [Chandrasekhar, 1961; Boller and Stolov, 1973] . Instead, the IMF is often oriented in the GSM xy plane, which ought to lower the growth rate for surface waves; during some periods when the IMF is predominately northward, which ought to be the most favorable for the growth of surface waves due to the KHI, there is little or no wave activity in the magnetosphere (see Figure 1 , 2110-2200 UT). Finally, we note that the observed fluctuations in dynamic pressure associated with TIFP were on the order of 1 nPa, comparable to the DC dynamic pressure and large enough to drive significant wave activity in the absence of a KH-unstable magnetopause [e.g., Eriksson et al., 2006; Sarris et al., 2010] .
[45] The results in our study suggest that the ion foreshock plays a major role in generating ULF waves in the Pc5 frequency range in at least some cases. However, the ion foreshock is not considered a statistically important energy source for Pc5 waves because the correlation between Pc5 wave power and IMF cone angle is low when compared to the correlation with, for example, solar wind flow speed or pristine solar wind dynamic pressure [e.g., Sanny et al., 2007] . The comparison between the IMF cone angle and solar wind flow speed correlations is of particular interest, since the event in this study occurred during a high solar wind flow speed interval.
[46] Low cone angles indicate that the ion foreshock is colocated with the dayside magnetosphere, suggesting it will be more effective at driving ULF waves there, and indeed that is the case for Pc3-4 waves; typically, the IMF cone angle cutoff observed for upstream waves to drive Pc3-4 waves in the magnetosphere is θ < 45 or θ > 135 . However, our results and several models of TIFP suggest that comparisons between ULF wave activity and the IMF cone angle may be more complicated for TIFP-induced Pc5 waves. Many TIFP, such as HFAs and FBs, occur in conjunction with IMF discontinuities, which would cause the IMF cone angle to rapidly change [e.g., Omidi et al., 2010] . Our results indicate that the degree of correlation with IMF cone angle depends sensitively on the interval chosen for the comparison; as shown in Figures 1 and 5 , the IMF cone angle was not exceptionally low (θ < 45 or θ > 135 ) during or immediately following several isolated TIFP events in this study. The interval directly preceding the onset of ULF wave activity may be the best time to calculate the cone angle, before the passage of any IMF discontinuities associated with the TIFP. Furthermore, the IMF cone angle may not be a good indicator of the effectiveness of certain TIFP in driving Pc5 ULF waves; as shown in Figures 1  and 5 , the cone angle is larger than 45 for much of the interval before 1930 UT, yet several TIFP drive significant Pc5 waves in the magnetosphere. Thus, TIFP may routinely drive Pc5 waves, despite the low correlations often found between IMF cone angle and Pc5 wave activity [e.g., Chi et al., 1994; Sanny et al., 2007] .
[47] In many statistical studies, the correlation between Pc5 wave power and solar wind flow speed is significantly higher than the correlation between Pc5 wave power and IMF cone angle [e.g., Sanny et al., 2007] ; this higher correlation is usually attributed to the increasingly KH-unstable magnetopause (and larger surface wave growth rates) at larger solar wind flow speeds [e.g., Engebretson et al., 1998 ]. We propose that this correlation may be at least partially explained by TIFP. Recent studies have shown that some TIFP are significantly more likely to be generated during high-speed solar wind intervals Facskó et al., 2008 , Turner et al., manuscript under review, 2012b . Furthermore, TIFP can explain the dawn-dusk asymmetry often present in statistical studies of Pc5 wave activity, as previously noted by Miura [1992] and Nosé et al. [1995] . Finally, the TIFP events in this study, the supermagnetosonic jet event in the quasi-parallel magnetosheath described by Hietala et al. [2012] (note this magnetosheath jet was driven in a different manner than the jets described by Archer et al. [2012] , which may not be correlated with solar wind flow speed), and four of six events presented in the results of Fairfield et al. [1990] occurred during high-speed solar wind intervals (V > 500 km/s); Pc5 waves were generated in all of these studies. Ground-based observations provide additional, suggestive evidence that high-speed solar wind intervals may be favorable for the excitation Pc5 perturbations via TIFP near the cusp and polar cap [Kataoka et al., 2003; Murr and Hughes, 2003] ; these perturbations could be related to ULF waves in the magnetosphere [Shields et al., 2003] .
[48] When placed in context with these previous studies, the results from this study suggest that TIFP may be an important energy source for Pc5 waves, perhaps as important as dynamic pressure fluctuations in the pristine solar wind, drift-bounce resonance, a KH-unstable magnetopause, or other more well established energy sources for Pc5 waves. In particular, correlations between IMF cone angle and Pc5 wave activity, previously used to argue against the ion foreshock as a source of Pc5 waves, may be misleading when specifically applied to Pc5 waves driven by TIFP. Additionally, correlations between solar wind flow speed and Pc5 wave activity, previously argued to be caused by the KHI, may instead be partially due to TIFP.
[49] One of the first studies to address the role of the ion foreshock in driving Pc5 waves was Nosé et al. [1995] ; they conducted a study examining the relationship between Pc5 wave activity (with magnetic perturbations transverse to the background field) and the ion foreshock location for different solar wind flow speeds using 367 events. Our results, combined with recent models of specific TIFP, suggest that there are several reasons to revisit the results of Nosé et al.
[1995] to more fully account for the role of TIFP in driving Pc5 waves:
[50] 1. Nosé et al. [1995] only examined transverse magnetic perturbations. Our results suggest the strongest Pc5 response to TIFP is compressional, at least near the magnetic equator.
[51] 2. Nosé et al. [1995] used a polar orbiting satellite and data coverage was not uniform at all magnetic latitudes. Compressional waves are attenuated at high latitudes, and thus are best observed near the magnetic equator [Lee, 1996] . If TIFP generate primarily compressional waves, the Pc5 response may be most clearly seen at the magnetic equator.
[52] 3. The data coverage in Nosé et al. [1995] was limited at the lowest and highest solar wind flow speeds [Nosé et al., 1995, Figure 5] . More data at these extremes may reveal the relationship between Pc5 wave activity and TIFP more clearly. Such data are available and have recently been used to study ULF wave power correlations with the solar wind [e.g., Takahashi and Ukhorskiy, 2007; Liu et al., 2010] .
[53] 4. More well-established sources of Pc5 wave activity, such as compressional Alfvén waves driven by drift-bounce resonance, have been modeled extensively [e.g., Southwood, 1977] and examined in case studies [e.g., Baumjohann et al., 1987] . These studies revealed characteristics of the waves that could be used to identify them routinely in a statistical manner [e.g., Hietala et al., 2004] . Similar characteristics have not yet been identified for TIFP-driven Pc5 waves, and observations of TIFP-driven ULF waves suggest that there may be considerable variation between ULF waves resulting from different TIFP (e.g., this study showed mostly compressional wave activity whereas Eastwood et al. [2011] showed standing Alfvén waves). Until these characteristics can be identified, averaged values could be examined without concern for biases that arise due to the requirement that wave activity exceed a fixed threshold value, have a distinct spectral peak, have a certain polarization, etc. This suggests that a statistical examination of average power spectral density/amplitude rather than occurrence distributions, as examined by Nosé et al. [1995] , may better show the effect of TIFP in driving Pc5 wave activity.
[54] 5. When IMF conditions are compared to magnetospheric wave activity, only averaged values of the IMF immediately preceding the onset of wave activity should be used (because of the rapid variation in the IMF that can occur in conjunction with TIFP).
[55] Based on the results of this study, Nosé et al. [1995] and other statistical studies of Pc5 wave power, other case studies showing the driving of Pc5 waves by TIFP, and the frequent occurrence of TIFP (particularly during high speed solar wind intervals), we argue that TIFP are an important source of Pc5 ULF waves in the Earth's magnetosphere. With the modifications listed above, a similar study to Nosé et al. [1995] could more fully quantify the role of TIFP in driving Pc5 wave activity.
Summary
[56] We presented observations of Pc5 ULF wave activity in the dayside magnetosphere during an interval of highspeed solar wind. These waves were driven by TIFP rather than dynamic pressure fluctuations in the pristine solar wind, dayside reconnection, or drift-bounce resonance with ring current ions. Although the period considered had little geomagnetic activity, wave amplitudes were as high as 10 nT and 10 mV/m, comparable to storm-time ULF wave activity [Walker et al., 1982] . Multispacecraft observations enabled continual monitoring of geosynchronous orbit (from dusk to dawn) and at three different locations upstream of the Earth's bow shock for a period of 8 h; this unique configuration enabled us to show the global ULF response of the magnetosphere to TIFP in periods with different ion foreshock configurations. At geosynchronous orbit, the probe in the local time sector closest to the ion foreshock observed the largest ULF response to the TIFP. Some TIFP-generated ULF waves were observed at different azimuthal locations with significant time lags, whereas others were observed simultaneously at all local times.
[57] Statistical studies of ULF wave amplitudes and recent theoretical and simulation work describing the properties of TIFP place these results in context: TIFP may be a primary energy source for Pc5 ULF waves in the magnetosphere, particularly during high-speed solar wind intervals. This study adds clarity to previous studies of Pc5 waves associated with the ion foreshock by specifically examining the role of TIFP. Fairfield et al. [1990] first showed that pressure pulses in the ion foreshock could drive Pc5 waves in the magnetosphere. Here we identify specific TIFP using recent models and show how the resulting ULF wave activity can vary significantly for different TIFP. Nosé et al. [1995] and Sanny et al. [2001] showed that peaks in Pc5 wave power were colocated with the expected location of the quasi-parallel bow shock in statistical studies; here, we use a unique spacecraft configuration to directly show this relationship for the first time in a case study. Several studies have proposed that the ion foreshock functions primarily as a source of seed fluctuations for magnetopause surface waves, which grow due to the KHI [e.g., Miura, 1992] ; here, direct measurements of dynamic pressure associated with TIFP enabled us to conclude that TIFP alone can drive large amplitude Pc5 waves, independent of a KH-unstable magnetopause. Several previous studies suggested that the ion foreshock was not an important energy source for Pc5 ULF waves on the basis of comparisons with IMF cone angle [e.g., Chi et al., 1994; Sanny et al., 2007] ; here, we argue that these comparisons may be misleading when specifically applied to Pc5 waves driven by TIFP. Finally, we show how the results of this study can be used to design a new statistical study, motivated by Nosé et al. [1995] , to quantitatively assess the role of the ion foreshock in driving Pc5 wave activity.
